INTRODUCTION
Rheumatoid arthritis (RA) is an aggressive immune-mediated disease characterized by joint damage mediated through synovial inflammation (1, 2) . Despite advances, RA therapy remains an unmet need in a significant percentage of patients. The distribution of RA is generally symmetrical and often involves the small joints of the hands and feet in early disease. As the disease progresses, larger appendicular joints can become involved (3) . The reasons for the characteristic joint distribution are not known, nor do we understand why clinical responses to targeted agents vary between patients or why not all joints improve in an individual patient. This study was designed to understand joint locationspecific mechanisms in disease pathogenesis by evaluating gene expression and epigenetic marks in RA fibroblast-like synoviocytes (FLS) derived from the hip and knee.
Overall, RA FLS display a unique aggressive phenotype and exhibit distinctive epigenetic marks compared with non-RA FLS (4, 5) . Differentially imprinted genes and pathways, which include cell recruitment and adhesion, could contribute to their destructive behavior. A detailed evaluation of the epigenetic landscape in RA helped us identify joint-specific mechanisms, especially differential marks involving interleukin (IL)-6 signaling and Janus kinase (JAK)-signal transducers and activators of transcription (STAT) pathways in RA hip and knee FLS (6) . We hypothesized that hip and knee RA FLS would therefore have Dr. Firestein's work was supported by RO1 NIH National Institute of Arthritis and Musculoskeletal and Skin Diseases grants AR-071321 and AR-065466.
| 641 differential IL-6 signaling, which could affect their function and sensitivity to JAK inhibitors. Our data show that IL-6 signaling differs in FLS based on joint location and correlates with the need for higher concentrations of the JAK inhibitor tofacitinib to block activation. We hypothesize that asynchronous joint responses to targeted therapy are potentially due to these differences and are related to joint-specific FLS biology.
METHODS
FLS and culture conditions. This study was approved by the Institutional Review Board of University of California, San Diego, and informed consent was obtained from all participants. Synovial tissue was obtained from RA patients at the time of total joint replacement or synovectomy. Clinical information was limited because samples were de-identified. Matched hip and knee samples from individual RA patients could not be obtained because of ethical and technical issues, including difficulty performing minimally invasive hip biopsies. The diagnosis of RA conformed to the American College of Rheumatology 1987 revised criteria (7). The synovium was minced and incubated for 1 hour at 37°C with 0.5 mg/ml of type VIII collagenase (Sigma-Aldrich) in serum-free RPMI 1640 (Life Technologies), filtered, extensively washed, and cultured in Dulbecco's modified Eagle's medium (DMEM; Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum (Gemini Bio-Products), and supplements (penicillin, streptomycin, gentamicin, and glutamine) in a humidified atmosphere containing 5% CO 2 . Cells were allowed to adhere overnight, and then nonadherent cells were removed. Adherent FLS were split at 1:3 when they were 70%-80% confluent and used from passages 4 through 7 (8) .
Real-time quantitative polymerase chain reaction. RA FLS were serum starved for 24 hours in DMEM containing 0.1% fetal bovine serum and supplements. Cells were treated with various doses of IL-6 (GenWay Biotech) for various time points. For inhibition assays, the cells were treated for 1 hour with various doses of tofacitinib (Sigma-Aldrich) prior to IL-6 (7.5 ng/ml) stimulation. Total RNA was isolated from FLS using RNA STAT-60 and then reverse transcribed (Applied Biosystems). The complementary DNA served as template for amplification by quantitative polymerase chain reaction using CCL2 TaqMan Gene Expression assays (Hs00234140_m1) using a StepOnePlus Instrument (Applied Biosystems). The C t values were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Hs02758991_g1) (9) .
Protein analyses. Serum-starved RA FLS cultures were stimulated for 30 minutes with 7.5 ng/ml IL-6 or 5 ng/ml interferon gamma (IFN-γ) and Western blot analysis was performed using anti-phosphorylated STAT1 Tyr701 (P-STAT1), anti-phosphorylated STAT3 Tyr703 (P-STAT3), STAT1, STAT3, JAK1 antibodies (Cell Signaling Technology), or anti-GAPDH antibody (Santa Cruz Biotechnology), and horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG or anti-mouse (Cell Signaling Technology) as secondary antibody. Blots were developed using an Immun-Star WesternC Chemiluminescence kit and analyzed using a VersaDoc imaging system and Quantity One software (Bio-Rad). IL-6-induced P-STAT3 and total STAT3 levels were also quantified using MSD multi-spot assay system phospho-STAT3 (Tyr705, K150SVD) and Total STAT3 (K150SND) kits (Meso Scale Diagnostics).
RNA sequencing processing and analysis. Five RA hip and 5 RA knee FLS were serum starved for 24 hours in DMEM containing 0.1% fetal bovine serum and supplements. Cells were stimulated with IL-6 (7.5 ng/ml) or serum starvation medium for 2 hours and total RNA was extracted using RNA STAT-60. The samples had an average RNA Integrity number of 10 (Agilent 2100 Bioanalyzer). After polyA selection and library preparation (Illumina Tru-Seq3 adapter protocol), the pooled samples were sequenced using Illumina Hi-Seq (Genewiz). Raw read quality was evaluated using FastQC. Adapter and low-quality bases below a quality score of 30 were trimmed from raw RNA sequencing (RNA-seq) reads using Trimmomatic (v0.30) (10). After trimming, reads with less than 36 bp were discarded. The remaining reads were aligned to human reference genome hg19 using HISAT2 (v2.1.0) (11) and assembled and quantified by HTSeq (v0.9) (12). Differentially expressed genes (DEGs) were identified using edgeR software (13) and DESeq2 (14) packages. To be considered a DEG, at least twofold change of gene expression levels between hip and knee should be achieved and the Benjamini-Hochberg-adjusted P value should be less than 0.05. Gene overlaps of DEGs were performed using GSEA MSigDB C2 Canonical pathways with the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (false discovery rate [FDR] < 0.05) (15, 16) .
Assay for transposase-accessible chromatin sequencing and chromatin immunoprecipitation sequencing data analysis. Assay for Transposase-Accessible Chromatin sequencing (ATAC-seq) and H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq) data were processed as previously described (17) . From these, three RA hip and five RA knee datasets were used for further analysis. Differentially open regions (ATAC-seq) and differentially modified epigenomic regions (DMER, ChIP-seq) between hip and knee samples were determined by DiffBind package in R (FDR < 0.05). Differential regions were annotated using the Genomic Regions Enrichment Annotations Tool (GREAT) (18) . Gene overlaps were performed using GSEA MSigDB C2 Canonical pathways with KEGG database (15, 16) .
Statistical methods. The two-sample t test was used to compare each of the outcomes (P-STAT3/GAPDH and JAK1/ GAPDH) between the knee and hip groups. However, given the large differences in scales for each outcome across the three experiments, the two-sample t test will be biased towards the experiments with larger outcomes. We addressed this issue by | 643 creating a t test-like statistic by averaging the three t statistics based on the three experiments and using a permutation distribution based on 1000 permutation runs for inference (19) . Spearman's rho was used to indicate strength of association between the two outcomes (20) . This rank-based correlation measure effectively addresses the scale differences in the outcomes across the three experiments within the current setting to provide a meaningful measure of association between the outcomes. To help visualize the rank-based association, we used the quantiles of the original outcomes to represent the ranked outcomes.
RESULTS
Differential epigenetic profiles in RA hip and knee FLS. We first evaluated differential chromatin accessibility and modified epigenetic regions between RA hip and knee FLS, especially in the JAK-STAT pathway, using our database of epigenetic marks (17) . For chromatin accessibility, DiffBind identified 1806 differential ATAC-seq regions (FDR < 0.05) comparing the hip and knee FLS with sufficient high-quality data (n = 3 and 5, respectively). The locations of the differentially accessible regions were then calculated with respect to the nearest transcription start site (TSS). The majority of differentially accessible regions were located between 50 and 500 kb upstream and downstream of the TSS ( Figure 1A ) and likely represent cis-enhancers based on their intergenic location. These regions were mapped to the nearest genes using GREAT (18) . Pathway analysis of the mapped genes was performed using the KEGG database (15, 16) (Supplementary Data 1) . The analysis identified significant differences in the "JAK-STAT pathway" (FDR = 2.7E-04) and in related pathways such as "cytokine-cytokine receptor" (FDR = 3.6E-08), which includes JAK-STAT signaling. The differentially accessible individual genes associated with JAK-STAT between hip and knee included JAK1, IL-6R, and IL-6 ( Figure 1B ). These data suggest that divergent epigenomic landscapes could influence joint-specific responses to IL-6 and JAK-STAT signaling.
We then evaluated differentially modified H3K27ac regions between hip and knee FLS and their association with IL-6 and JAK-STAT pathways. We identified an intergenic DMER between STAT3 and STAT5A with 1.7-fold higher H3K27ac levels in the knee than the hip (FDR = 0.024, Figure 1C ), suggesting higher enhancer or promoter activity of STAT3 or STAT5A in knee than in hip.
Global gene expression in IL-6-stimulated RA hip and knee FLS. Under basal conditions, cultured RA hip and knee FLS have different gene expression profiles that involve several pathways, including IL-6 and JAK-STAT signaling (6) . Based on the above observations, we evaluated whether IL-6 stimulation alters the pattern of joint-specific gene expression. An independent set of RA hip and knee FLS were cultured with or without IL-6 (7.5 ng/ml) for 2 hours and RNA-seq was performed. Principal component analysis confirmed that hip and knee FLS transcriptomes segregate from each other under basal conditions (Figure 2 , red circle). As expected, IL-6 altered gene expression in hip and knee FLS compared with their respective medium controls (Figure 2) . Therefore, the global gene expression differences for hip and knee samples observed under basal conditions were largely maintained after IL-6 stimulation (orange circle).
We then determined the DEGs between hip and knee FLS using edgeR and focused on the differences between IL-6-treated groups. We identified 127 DEGs (with twofold change in expres- Figure 2 . Principal component analysis of differential gene expression using RNA sequencing in rheumatoid arthritis hip and knee fibroblastlike synoviocytes. Gene expression differences between hip and knee under basal condition are shown in the red circle. Stimulation with interleukin (IL)-6 induced changes in gene expression shown in the orange circle, but the joint-specific differences are maintained. sion and adjusted P < 0.05) (see Supplementary Data 2). Some genes were differentially expressed only in the medium or IL-6-treated hip-knee pairs. For example, 55 DEGs that were unique to the medium hip versus knee comparison were identified, whereas 34 genes were unique DEGs to the IL-6-stimulated groups. KEGG analysis of the unique DEGs did not reveal a specific pattern or pathway enrichment. Using the 127 DEGs (IL-6-treated hip versus knee FLS), we computed the overlap with KEGG pathways. The top KEGG pathway identified was "cell adhesion molecules" with FDR = 3.8E-03 (Supplementary Data 3) . These data demonstrate that differential expression between RA hip and knee under basal conditions are maintained after IL-6 stimulation and that DEGs are associated with cell adhesion and migration.
Differential response to IL-6 in RA hip and knee FLS.
To explore functional differences between IL-6-treated hip and knee FLS, we used a candidate gene approach and focused on CCL2 because RNA transcript levels were consistently higher in RA knee FLS compared with RA hip FLS. An IL-6 dose response using RA hip and knee FLS showed that CCL2 expression is induced in FLS isolated from both locations but with consistently higher expression in the knee than hip (Figure 3) . We chose an optimal dose of 7.5 ng/ml for subsequent mechanism experiments. Differential IL-6 signaling in RA hip and knee FLS. Because IL-6 signals through STAT3, we performed a time course experiment after IL-6 stimulation and measured P-STAT3 levels using multiplex bead assay ( Figure 4A ). P-STAT3 levels peaked after 30 minutes of IL-6 stimulation and returned to baseline levels by 60 minutes in hip and knee FLS. At peak expression, P-STAT3 levels were significantly higher in knee than hip FLS. Interestingly, SOCS3 gene expression after IL-6 stimulation was similar in RA hip and knee FLS (data not shown). Next, we determine whether higher STAT3 phosphorylation in the knee is associated with higher JAK1 protein levels. The GAPDH normalized data from three separate experiments were combined Figure 3 . Functional response to interleukin (IL)-6 in rheumatoid arthritis hip and knee fibroblast-like synoviocytes (FLS). CCL2 gene expression was evaluated in IL-6-treated hip and knee FLS by quantitative polymerase chain reaction (n = 6/group). CCL2 expression was significantly higher in knee than hip FLS at 5 to 10 ng/ ml dose range (P < 0.001, 2-way ANOVA, Sidak multiple comparison test). We chose 7.5 ng/ml of IL-6 for the subsequent experiments. Figure 4 . P-STAT3 activation in rheumatoid arthritis hip and knee fibroblast-like synoviocytes (FLS). A, P-STAT3 and total STAT3 levels were measured at various times after interleukin (IL)-6 treatment (7.5 ng/ml) using bead assays. After 30 minutes, P-STAT3/STAT3 was significantly higher in knee than hip FLS (n = 6/group, P < 0.05, 2-way ANOVA, Sidak multiple comparison test). B, P-STAT3 and JAK1 levels were quantified by Western blot analysis, normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Combined data from three different experiments (n = 10/group) were ranked as described in the Statistical Methods section. P-STAT3 and JAK1 protein levels were highly correlated (Spearman R = 0.75) and statistically significant (P < 0.0005). Correlation also shows that knee FLS expressed more JAK1 than hip FLS (P = 0.04).
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Specificity of JAK-STAT differential responses.
Although P-STAT-3 was differentially regulated by IL-6 based on joint location, induction of P-STAT1 was similar in IL-6-stimulated hip and knee FLS ( Figure 5A ). We also evaluated the effect of another JAK activator, namely interferon (IFN)-γ. Phosphorylation of P-STAT1 and P-STAT3 were similar in RA hip and knee FLS. Therefore, the signaling patterns that distinguish hip and knee are likely specific for IL-6 and for P-STAT3.
Differential sensitivity of RA hip and knee FLS to JAK inhibition. The clinical relevance of our findings was evaluated by determining the relative sensitivity of IL-6-stimulated RA hip and knee FLS to the JAK inhibitor tofacitinib. CCL2 gene expression was measured in FLS treated with a fixed concentration of IL-6 in combination with increasing doses of tofacitinib. As expected, CCL2 expression decreased with 100 to 1000 nM of tofacitinib. However, hip FLS were significantly more sensitive to tofacitinib than knee (EC50 of 156 nM and 251 nM for hip and knee, respectively; n = 9/group, P = 0.04) (Figure 6 ).
DISCUSSION
RA FLS exhibit a transformed aggressive phenotype and produce high levels of proinflammatory cytokines such as IL-6 and matrix metalloproteinases, contributing to bone loss and cartilage destruction (3) . The cells maintain their invasive and destructive behavior over many passages in culture, with abnormalities in apoptosis, anchorage-dependent growth and invasion (2, 21) . RA FLS can migrate from joint to joint when injected into severe combined immunodeficient mice and invade into cartilage explants (22) . These data suggest that RA FLS are abnormally imprinted Figure 5 . Specificity of Janus kinase (JAK)-signal transducers and activators of transcription (STAT) activation by interleukin (IL)-6 and interferon (IFN)-γ in rheumatoid arthritis hip and knee fibroblast-like synoviocytes (FLS). A, P-STAT1 and total STAT1 levels were measured after 30 minutes of IL-6 (7.5 ng/ml) by Western blot analysis. P-STAT1/STAT1 levels increased after IL-6 stimulation but were not statistically different in hip and knee FLS. B and C, P-STAT3/STAT3 and P-STAT1/STAT1 levels increased after 30 minutes of IFN-γ (5 ng/ml) but were not statistically different between the joints. and display a pathogenic phenotype that persists despite removal from the inflammatory milieu.
Recent epigenetic studies suggest that changes in DNA methylation might contribute to the aggressive phenotype of RA FLS (23) . RA FLS have a distinct DNA methylome profile compared with non-RA FLS, and the differentially methylated genes regulate key pathways such as cell adhesion and migration relevant to RA pathogenesis (4, 5) . Some of these epigenetic marks demonstrate DNA methylation patterns that distinguish RA FLS isolated from different joint locations (6) . For example, FLS isolated from RA hips and knees have differential methylation in important immunological pathways, most notably the IL-6 and JAK-STAT signaling pathways. These pathways were identified in RA using computational methods that subtracted the potential influence of concomitant osteoarthritis (OA) (6) . Thus, it is unlikely that secondary OA is the cause of the hip-knee differences studied in the present manuscript.
The biologic processes that lead to joint-specific differential marks such as DNA methylation are not known. The cells could be imprinted centrally and then migrate to a preprogrammed location. On the other hand, undifferentiated cells in the joint could be affected by their local disease environment and subsequently develop joint-specific marks. The latter seems more likely given observations that FLS can migrate from joint to joint (22) . Despite this plasticity, the cells do not return to a less differentiated state after they are removed from the joint and thus retain their joint-specific characteristics (24) .
The causes of joint-specific epigenomic changes are not known. Stress from high-intensity muscle contractions, for instance, can induce changes in DNA methylation and histone modifications (25, 26) . The loads and biomechanical requirements vary from joint to joint and could lead to microdifferentiation among stromal cells that support regionally important functions. Fibroblast subsets are increasingly recognized and are even observed within synovial tissue (27) . The epigenomic landscape represents another way to characterize the remarkable heterogeneity of the stromal compartment.
The epigenetic and transcriptional differences between FLS in hips and knees could contribute to functions relevant to RA. One of the most prominent changes relates to regulation of IL-6 signaling through the JAK-STAT pathway and was originally discovered using our unbiased transcriptome and DNA methylation databases (6) . In the current studies, we initially mined our recently published epigenetic datasets to identify other marks that distinguish RA FLS based on their joint of origin (17) . The majority of open chromatin regions were located in intergenic regions within 5 to 500 kb of the TSS. Open chromatin regions can modulate gene expression as we previously showed with an upstream LBH enhancer (28) . JAK1 protein was higher in knee FLS and was associated with increased STAT3 phosphorylation. Unexpectedly, chromatin was more accessible near JAK1 in hip RA FLS, suggesting that the mechanism of differential expression is more complex. We also identified differential H3K27ac enhancer/promoter marks between two JAK-regulated genes, STAT3-STAT5, and differential open chromatin regions associated with IL-6R, IL-6, and JAK1. The observations are consistent with recent studies of histone H3 acetylation of the IL-6 promoter, which leads to higher IL-6 expression in RA FLS (29) .
We then evaluated gene expression in a confirmatory set of RA hip and knee FLS in the presence or absence of IL-6 by RNA-seq. The transcription profiles of RA hip and knee FLS could be distinguished from each other under basal conditions, similar to our previous results (6) . The separation was maintained in cells activated with low doses of IL-6, suggesting that the jointspecific differences are stable and that IL-6 activation does not lead to general convergence of the hip and knee transcriptional profiles.
We then focused on CCL2 expression for mechanism studies because it was consistently higher in knee-derived cells. CCL2 is also an important biomarker in patients with RA and decreases within hours in patients treated with the JAK inhibitor tofacitinib (30) . Using the optimal concentration of IL-6 to maximize hip and knee differences, we found that STAT3 phosphorylation and CCL2 expression are both significantly increased in RA knee FLS compared with hip FLS. The biologic relevance of P-STAT is also reflected in our synovial biopsy study in RA where changes in P-STAT3 and P-STAT1 correlated with clinical response to tofacitinib therapy (30) . Therefore, joint-specific differences in STAT phosphorylation could have an impact on therapeutic responses in individual joints. . Sensitivity to tofacitinib in rheumatoid arthritis hip and knee fibroblast-like synoviocytes (FLS). Cells pretreated with various doses of tofacitinib (50 to 1000 ng/ml) were treated with 7.5 ng/ml interleukin (IL)-6 for 30 minutes, and CCL2 expression was measured by quantitative polymerase chain reaction. Data from three separate experiments were combined (n = 9/joint). EC50 represents 50% of the maximal CCL2 inhibition by tofacitinib (63%). Hip and knee FLS achieve EC50 at 156 and 251 nM tofacitinib, respectively, indicating hip FLS are more sensitive to inhibition by tofacitinib than knee FLS (P = 0.04).
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To understand why P-STAT3 is higher in RA knee FLS, we looked at the relationship between JAK1 protein and cell activation in FLS from different locations. The data showed a close relationship between P-STAT3 induction and JAK1 expression, and both were significantly higher in knees FLS. We also evaluated the specificity for IL-6 signaling by studying JAK-STAT activation by IFN-γ. Surprisingly, P-STAT3 or P-STAT1 in knee and hip FLS were similar after IFN-γ stimulation. One explanation might be that, in contrast to the IFN-γ receptor, IL-6R forms complexes with several JAK family members including TYK2 (31, 32) . Unlike IFN-γ, IL-6 can also induce JAK-STAT activation through canonical and noncanonical signaling, which might contribute to the differences (33) . Further studies defining how joint-specific imprinting occurs and how the selectivity for individual pathways occurs are in progress.
Joint-specific differences in cytokine signaling could have clinical implications. For example, the differences in sensitivity to tofacitinib, although relatively small, occur in the range of therapeutic concentrations achieved in patients (34) . Subtle shifts in the dose response curve could contribute to differential improvement in various joint groups. It is also possible that FLS heterogeneity or subsets could contribute to the distinctive distribution of arthritis observed in RA and other forms of polyarthritis or oligoarthritis (35) . Future studies are needed to determine whether the overall differences related to JAK-STAT signaling are due to different populations of mesenchymal cell subsets. However, recent work by Ciurea and colleagues supports our hypothesis on joint-specific differences related to JAK inhibitors (Ciurea et al; EULAR abstract FRI01442019, 2019). They observed that wrist, knee, and ankle respond less well to tofacitinib than other joints as predicted by the data in our study (Ciurea et al; EULAR abstract FRI01442019, 2019). Together, our results suggest that we should consider including joint-specific response measures in clinical trials to help us stratify patients for targeted agents based on the joints that are most severely affected.
